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Abstract—We propose and investigate a communications
scheme for exploiting multiple Amplify and Forward (AF) relays
using the principle of energy recycling. For this scheme, we
consider concurrent use of the multiple relays, and study the
problem of rate-optimal beamformer design, presenting a new al-
gorithmic solution. We formulate this problem as a Quadratically
Constrained Quadratic Ratio (QCQR) programming problem
that can be solved exploiting convex optimization techniques. By
means of simulations we assess the performance of the proposed
solution. Our analysis shows that significant performance im-
provements can be achieved as compared to single relay solutions.

Index Terms—Energy harvesting, energy recycling, cooperative
communications, optimal beamformer design.

I. INTRODUCTION

The problem of optimal beamforming for multi-antenna,
wireless powered communications has attracted significant
interest and several solutions have been suggested targeting
at different optimization criteria and different system designs
(see for example [1] and references therein). Extending the
works described in [1], recently, [2]-[4], have considered
the beamforming problem focusing on wireless powered Full
Duplex (FD) relays, with emphasis on Amplify and Forward
(AF) based systems. The motivation for these works is that FD
techniques allow for the better exploitation of energy resources
at the wireless powered relays. This is due to the fact that
for the schemes investigated in [2]-[6] the FD relays employ
some of the antennas in order to transmit information, and
the remaining antennas in order to harvest energy from RF
signals reaching these antennas, including signals concurrently
transmitted by the relay itself. As a result, those schemes
manage to combine energy harvesting and energy recycling.
Nevertheless, while all the solutions studied in [2]-[6] provide
system designs that exploit the benefits of energy harvesting/
energy recycling, they are limited to single relay systems.

Motivated by this, in this work we seek ways to further
improve the performance of energy recycling-based coopera-
tive communications systems, by introducing a scheme that
exploits multiple relays. While the use of multi-relay schemes
in full-duplex energy-harvesting has been investigated, existing
solutions consider two-way relays, i.e., relays where the full-
duplex characteristics are employed so that the relays can
forward data concurrently on both communications sides that
act as sources and destinations simultaneously [7]. In contrast,
in this work we consider the case of one-way, multi-antenna,

wireless powered relays, exploiting full duplex characteris-
tics in order to achieve concurrent transmission and energy
harvesting. For this multi-relay system design, we investigate
the problem of rate-optimal beamformer design and propose
a new cooperative beamforming solution that is based on the
use of Quadratically Constrained Quadratic Ratio (QCQRs)
programming techniques. To the best of our knowledge the
proposed beamformer is the first to allow for the concurrent
utilization of multiple relays exploiting full duplex relays in
a manner that allows for concurrent data transmission and
energy harvesting in multi-relay scenarios. As a result, our pro-
posed system design manages to convert self-interference from
an undesired effect to a factor that can be further exploited in
order to increase the potential for energy harvesting. By means
of simulations we evaluate the performance of our proposed
scheme, and we find that significant performance benefits, as
compared to single-relay schemes, can be achieved.

The paper is structured as follows. In Section II, we present
our multi-relay cooperative beamforming system model, while
in Section III we develop a method for designing the beam-
former for this system. Section IV presents the performance
comparison for the schemes introduced in this paper with
existing single relay solutions. Finally, in Section V, we
summarize our conclusions.

Notation: We use lower-case bold letters to denote vectors,
and upper case bold letters to denote matrices. A7 stands for
the transpose of matrix A and A¥ for the hermitian transpose
of matrix A. The M x M identity matrix is denoted as I,
and the all-zero M x 1 vector as 0;;. We use ||x]|| to denote
the norm of vector x. We use notation x ~ CA (0p7,R) to
indicate that random vector x follows a complex Gaussian dis-
tribution with mean value equal to zero and covariance matrix
R. Operator (-)" is used to denote complex conjugation.

II. SYSTEM MODEL

We consider a cooperative system comprising a source S
with a single transmit antenna, that communicates with a
destination D equipped with one receive antenna. Commu-
nication is achieved exploiting a set of L full-duplex relays,
{R1,...,Rr} each one equipped with M + 1 antennas, and
powered by means of energy harvesting. In more detail, in
our system model relay R;,l = 1,...,L, harvests energy
transmitted by S, energy transmitted by its own transmit
antennas, and energy from the remaining relays. We assume
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that the S — D link is absent, necessitating the use of the
S — R; — D links in order to assist communication.

Focusing on relay R;,l = 1,...,L, one of its antennas
is devoted to receiving data and energy from the source .S,
other relays, and from itself. The remaining antennas of R; are
devoted to relaying information to D, employing an Amplify
and Forward (AF) scheme. Each time slot ¢, of duration 7T,
is split in two phases, each of duration equal to 7'/2. The
system operation during each of these phases is described in
what follows, and summarized in Table I.

TABLE 1
THE SYSTEM OPERATION IN THE TWO PHASES OF THE COOPERATIVE
BEAMFORMING SCHEME

Phase I Phase II
Source S transmits data S transmits energy
Relays forward data received during
RET Relays receive the phase I using their transmit antennas

transmitted data and harvest energy through their

receive antenna

A. Phase I: Data transmission from S

In the first phase of time slot ¢, the source S transmits data,
which is received by the relays. The signal received at relay
R, in this phase is expressed as

\/>~T:>1

where P; is the transmit power of S, hg,; [t] characterizes the
S — R; channel, z 1 [t] is the signal transmitted by S during
this phase, and n,.; 1 [t] ~ CN (0, Np), is the Additive White
Gaussian Noise (AWGN) at R;, with noise density Np.

Yr,l, 1 = harl + T l,1 [t] 5 4

B. Phase II: Data transmission/energy harvesting from/at R

In the second phase of time slot ¢, the signal received by
R;,l = 1,...,L, during the first phase is normalized and
amplified as in [8] and forwarded to D using a power level
P, ; [t]. Concurrently, another signal z; 5 [t] is transmitted by
S, to be exploited by R;,l = 1,..., L, for energy harvesting
purposes. The signal reaching D is then written as in (1),
where h,q; [t] denotes the M x 1, R; — D channel while
na2 [t] ~ CN (0, Np) is the AWGN at D. Note that quantities
ay [t] and f3; [t] account for the power normalization that takes
place at the relay. Finally w; [t], where ||w; [t]]> = P, [t],
is the M x 1 beamformer applied at the M antennas used
for transmission at R;, with P, [t] being the power level
employed by R;.

Focusing on the energy harvesting operation performed
at R;, we assume that R; harvests the energy reaching its
receive antenna during phase II. This consists of energy
carried by signal z, o [¢], transmitted by S, as well as energy
transmitted by the transmit antennas of relays Ry,..., Rpr.
More specifically, the signal reaching the receive antenna of
R; is expressed as in (2). In (2), hy ; [t] is the M x 1 channel
formed between the transmit antennas of Relay R, and the

receive antenna of R;. The energy that R; can harvest from
Yr.1,2 [t] is then expressed as [2]:

2

T
77 VPuhr, [t] +Zaz' wil [ty 8] (5)
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where 0 < 7 < 1 is the efficiency of energy harvesting. The
result in (5) is achieved if x5 » = x5 1 [2]. Accounting for the
ability of R; to harvest the amount of energy Fj - [t] during
the second phase of the ¢-th time slot, in this work we focus
on introducing techniques that exploit this energy in order to
provide sustainable relaying techniques, that do not require
the wireless powered relays to consume energy resources other
than the energy resources that they can harvest. To this end, we
introduce the following two energy consumption constraints in
our system design:

1) Energy preservation constraint: We impose the con-
straint that the energy spent by the relay for its transmission
during phase II of the ¢-th time slot, is bounded by the amount
of energy that it can harvest during the same time period, i.e.,
it holds that:

PallT . ©)

2) Energy causality constraint: We further impose the con-
straint that for each time slot the energy used for beamforming
is at most equal to the amount of energy E,;; [t — 1] available
to the relay at the end of the previous time slot, i.e. it holds
that

PallT g —1]. ™

Clearly, such an assumption presumes that all relays have an
amount of energy Ey.;[0] = Ep,; > 0 at the beginning of
transmission, such as to support the transmission that takes
place during the first time slot.

By introducing a system design that respects the two
abovementioned constraints it is easy to see that for each time
instance, all relays R;,l = 1,..., L, operate in a manner that
ensures that at the end of the ¢-th slot, the energy resources
at R;,l = 1,...,L, are not less than the energy resources
available to it at the end of time slot ¢ — 1, i.e., it holds that:

Fuona ) = Bron [t — 1)+ Fua ) - 220 > -,

®)
As a result, the relays can operate in a sustainable manner
without consuming their own energy resources.

Accounting for these two constraints, in this work, we
consider the problem of designing the beamformers w; [t] ] =
1,..., L, such as to maximize the instantaneous rate of the
system while respecting the two constraints. The instantaneous

rate of this system, measured in bits/sec/H z is expressed as

1
R[t] = 3 logy (1 4 7a,2 [t]) )
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5 yror 2 [t wil [t] By [1]
Yr,1,2 [t] - th ) [t] Ts, 2 + Ty 2 [t] 5 (2)
> =1 gsrl’[]P +NO ’
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with 0 [t] = hary [t] | — 2 . and gerg [t] = |hsrs [H]2. 3
lH r,l[] gs'rlHP"‘N /Bl” gsr’l[t]PS'FNo g'r,l[] |97,l”| (3)
where 42 [t] is the SNR for the information signal yqo [t] Wwhere
in (1). Moreoyer, tl'le SNR 7,42 [t] can be found, after some A =-A (thhgi) Ay = A(C),
algebraic manipulations, to be equal to: I
E =A(D;—nhh"),l=1,...,L,
2 F,=AD)),l=1,...,L
‘ZlLlO‘l ¢ WlH [t}hrd,l [t]’ l A( l)v ) y Loy
Va2 [t] = N S wF h P (10) b; =0,by =0,
wH tl| +
o i 57 [ 1 ra ]+ No e1 = =1 (V/Pehgrisbi) =1, L, (17)

As a result, exploiting the monotonic relation between R [t]
and 742 [t], we can solve the rate-maximization problem by
equivalently solving the SNR maximization problem. Drop-
ping, for the ease of presentation, time dependency, and
introducing the vectors and matrices given in (12) and (13), the
SNR in (10) is equivalently written as the objective function
in (11). In addition, it is easy to show that the constraints
presented in (11) are essentially the energy preservation and
energy causality constraints given in (6) and (7). Hence,
optimization problem (11) describes the SNR maximization
problem. Having formulated the SNR maximization problem,
in the following section we present our approach for solving
this optimization problem.

III. THE PROBLEM OF RATE-OPTIMAL COOPERATIVE
BEAMFORMING

In order to solve the optimization problem in (11), we start
by introducing the vectors

= [RiwT 5w

(14)
and b (bh) = [?R{b*h}T,%{b*h}T

and parametric matrices:

_ | ®{v} —S{Vv} _FW+FW)"
o= 3R] ] | aw) - VL ZEAD
(15)
such as to rewrite (11) as:
.. . z'Az+2bTz+ ¢
minimize:
zTAsz +2blz + o 6
subject to: z! E;z + 2esz +e<0,0l=1,...,L, (16)
2 Fiz+ 26z + f,<01=1,...,L,

f,=0,1=1,...,L,

cp =0,c0 =1,

er = —n|her|> Ps,l=1,...,L,
fi=—b.

One can recognize optimization problem (16) as a Quadrat-
ically Constrained Quadratic Ratio (QCQR) minimization
problem [9]. While obtaining an exact solution for such prob-
lems in not possible, suboptimal solutions can be obtained by
reducing the problem to a Quadratically Constrained Quadratic
Programming (QCQP) problem. In Appendix A, the procedure
for obtaining such solutions is presented.

A. Complexity considerations

As it can be seen in Appendix A, the problem of optimal
cooperative beamforming reduces to a QCQP problem in
a 2M L + 1-dimensional space, in the presence of 2L + 1
constraints. The computational complexity of solving such a
problem is related to the method that is adopted for solving
the associated relaxed semidefinite programming problem.
Assuming that the interior point method is used for this
purpose, this results in a worst case complexity of [10]:

O (@ML+1)' VAL +Tlog (1/¢)) ,

where € > 0 is a predetermined solution accuracy.

(18)

IV. NUMERICAL RESULTS AND DISCUSSION

We now consider the application of the proposed beam-
forming scheme. We study a system employing two relays,
each equipped with three antennas with M = 2 of them being
used in order to transmit data to D. We set S as the origin
of our coordinate system, and select the location of D to be
at coordinates (dsq = 50m,0), as in [6], where dsq is the
S — D distance. For the relay positions, we set the position of
relay Ry at coordinates (dsq/2,dsq/4) and consider different
placements of the form (dsq/2, —y) for relay Rs. Clearly, as
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1 wih,.qhfw

maximize : g2 = No WACw + 1
. X 2F ot [t — 1
subject to: w? (Dl - nhlh{’) w— Zn%{hmlx/Psthl} Py hea2 <0, w'Dw < b = % 1=1,...,0, IV
Energy preservation constraint Energy causality constraint
where for ease of presentation we have dropped time dependency and we have defined the augmented vectors
T T T
W = [W1T7~-7Wﬂ , hpg = [Oélher,h---,OéLh{d,L] , hy= [Oélh1T,z7~',0éLhz,z] (12)
and the matrices
c o0 --- 0 D1 0 e 0
0o C --- 0 0 Dy - 0 0. if 14k
c=1|. |, D= . _ where Ci = f’hygh?, and Dyg—=4% 17 (13)
: . - : : .. .. : ’ ’ ’ I, if l=k.
0 0 Cgp 0 cee 0 D;.

y increases, the pathloss on both the S — R; and Ry — D
links also increases, limiting the benefits that the additional
relay can deliver.

To consider wireless channel effects, we adopt an expo-
nential pathloss model, and use Rayleigh fading to model
multipath. We therefore model S — R; and R; — D, =1,2,
as follows:

1 - 1 =

hs’m h’rd,l = hrd,h
[ gm [ gm
ds'r',l d'r'd,l

where d,,; is the distance between S and R;, and d,q,; is the
distance between R; and D. In (19), due to Rayleigh fading,
it holds that A, ;. ~ CN (0,1), and hyq; ~ CN (0pr, Ing).
Moreover, we set m = 2.7, as in [11]. Concerning the time-
characteristics of the communications channels, we have mod-
eled communications channels as autoregressive processes,
i.e., it holds that:

Bgri [t] = VOhgr s [t — 1] + V1 = Ohgyy [t],
hya [t] = VOheay [t — 1]+ V1 — 0h,qy [t],

where fALSnl ~CN(0,1), ].:l,«d,l ~ CN (0p,1y). For the sake
of simplicity, we select the same value 6 = 0.75 for all channel
processes. Finally, we set the energy recycling channel to be
equal to hy; = /5 [1, 11", where 3, = —15dB, as in [2], and
the efficiency of energy harvesting to be equal to n = 0.8.

With these assumptions, in Fig. 1 we present the average
achievable rate, calculated by averaging over a sequence of
103 time slots, as a function of the average SNR at the S —
Ry,1=1,2, link, defined as

hsr,l = (19)

(20)

_ Py
YSR,1 = m,

sr,1

21

where ds,1 is the distance between S and R;. The channel
realizations corresponding to these time slots were generated
based on model (20). For the sake of comparison with existing
schemes, in Fig. 1 we also present the achievable rate for a
modified version of the single relay scheme presented in [2]
(obtained by introducing the causality constraint presented in

(7) in the system design), and assuming that only relay Ry
is present. For both the single and multi-relay cooperative
beamforming schemes, we set Ey1[0] = Ey with Ey
selected such that Ey/Ny = 30dB. Moreover, for the two-
relay scheme, we also set Ey,; 2 [0] = Ej. Based on the results
of Fig. 1, we observe that our system design employing two
relays, significantly outperforms the single relay system, even
for large values of y, i.e., even for placements of relay IRy that
result in significantly increased losses on the S — Ry — D
link, as compared to the S — Ry — D link. In more detail,
even for y = 3d,q/4 that corresponds to 5dB of additional
pathloss on the S — Ry and Ry — D links (as compared
to the pathloss experienced on the S — R; and Ry — D
links), for 4sr,1 SNR values higher than 30dB, the use of
the cooperative beamforming scheme results in a performance
improvement of approximately 25% as compared to the single
relay scheme. More importantly, for better placements of relay
R, the performance improvement is even more substantial.
For example, with a symmetric positioning of the relays, i.e.,
setting y = dsq/4 , for Ysr,1 values that are higher than 30d B,
the performance gain for the two-relay scheme is higher than
100% as compared to the single relay scheme, and the two-
relay scheme results in approximately doubling the achievable
average rate, as shown in Fig. 1.

Finally, we now consider the effects of increasing the num-
ber of antennas at the relays. To this end, in Fig. 2 we present
the achievable average rate, again with averaging performed
over 103 consecutive time slots, for a system with M = 2 and
M = 3 transmit antennas, as a function of the SNR #gg ;. For
the case that M = 3, we have set the channel h; ; to be equal
toh;; =B, (1,1, 11" with 8, = —15dB, similar to the two-
antenna case. For the simulations presented in Fig. 2 we have
considered the symmetric case where relays R; and Ry are
placed at coordinates (dsq/2, dsq/4) and (dsq,2, —dsq/4). The
results shown in Fig. 2 indicate that the performance benefits
that were observed for the case of M = 2 are also evident
in the case that M = 3, with the presence of the additional
relay resulting in performance gains that are equal or even
higher than 100%, for 4gp 1 values that are higher than 30dB
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Fig. 1. The achievable rate as a function of the S — R for different positions
of the relay Rs.
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Fig. 2. The achievable performance for single and multi-relay schemes as a
function of the S — R1 SNR for different number of transmit antennas at
the Relays.

for the multi-relay scheme with M = 3, as compared to the
single relay scheme. Moreover the performance improvement
that additional antennas can deliver, as seen in Fig. 2, are
significant. For example, focusing on the high SNR regime,
(i.e., for ysr,1 > 30dB) the use of 3 transmit antennas on
the relays of the two-relay scheme, results in a performance
improvement, as compared to the two-relay scheme with two
transmit antennas at the relay, that is, in the worst case, higher
than 20%.

V. CONCLUSION

We have proposed a new scheme for exploiting multiple
relays in energy harvesting/energy recycling assisted cooper-
ative communications. For these schemes, we have studied
the problem of beamformer design, presenting algorithmic
solutions. By means of simulations, we have verified the
significant gains that the proposed multiple relay scheme can
deliver, as compared to single relay schemes.

APPENDIX A
SOLVING THE COOPERATIVE BEAMFORMING PROBLEM

In order to solve optimization problem (16), let us start by
introducing an auxillary variable u and define the vector z as
z = uz. Optimization problem (16) then becomes equivalent
to problem [9]:
7T A7+ 2bT 7 + cyu?
72T Aoz + 2bL7 4+ cou® =1
7TEz+2elz +eu?<0,l=1,... L,
Z'Fiz+ 2617+ fru® <0,0l=1,...,L,

minimize:

subject to:
(22)

provided that the optimal solution to (22) does not correspond
to u = 0. In order to prove that the solution to (22) does
not correspond to uw = 0, let us start by considering a
feasible point of the form {Z, 0} for optimization problem (22).
Accounting for feasibility, this practically means that vector z
simultaneously satisfies the energy causality constraints

z'Fiz<0, Vi=1,...,L. (23)
Equivalently, by defining the vector w as
w=z(1:ML)+jz(ML+1:2ML), (24)

this means tht vector w simultaneously satisfies the constraints

wiDw <0, Vi=1,...,L. (25)

Nevertheless, based on the definition of matrices D; this can
only be satisfied provides that w = 0r;. Hence, the only
feasible solution of (22) for which u = 0 is the all zero vector.
On the other hand, it is easy to show that any feasible solution
that does not correspond to z = 0 achieves a lower value for
the objective value of (22), since A is negative definite, while
in addition we have that a; = 0 and a; = 0. As a result, the
solution to (22) is not equal to {z = 0,u = 0}, provided that
at least one feasible beamformer can be found. Clearly such
a beamformer is easy to construct. Optimization problem (16)
can therefore be solved by applying the optimization algorithm
presented in [9], in order to transform it into the following
problem:

minir;lize : xTM (A, by, cp)x
subject to: X7 M (Ag, by, c)x =1 26)
xTM (Eje,e)x<0,1=1,...,L,
x'M (Fi, £, f)x<0,1=1,...,L,
where
M(A,b,c) = [éﬁ; 'ﬂ @7)

One can easily recognize that problem (26) is a Quadratically
Constrained Quadratic Programming (QCQP) problem. To
solve this problem, we start by defining matrix X = xx7’,
and using the cyclic property of trace. We can then show that

for any symmetric matrix M it holds that

xT Mx = Tr (MX), (28)
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and express (26) as:
mini}r{nize : Tr (M (A1, b1, 1) X)

subject to: Tr (M (Ag,ba,c2) X) =1
Tr (M (Ehel,el)X) < O7 = s ,L (29)
TI'(M(Fl,fl,fl)X)SO, l*]-v ~7L

X » 0,rank (X) = 1.

Optimization problem (29) is a non-convex optimization prob-
lem, due to the rank-one constraint [10]. Nevertheless, the
relaxed problem resulting by dropping the rank-one constraint
can be solved using standard convex optimization techniques
[10]. While a solution to this relaxed problem can be obtained,
in general, there is no guarantee that this solution satisfies
the rank-one constraint of problem (29), hence there is no
guarantee that the solution to the relaxed problem is a solution
to (29). Nonetheless, suboptimal solutions to (29) can be
constructed based on the solution of its relaxed version. Such
a solution can be obtained if X is chosen as

X = M\ejel (30)

where A; is the largest eigenvalue of X* and e; the eigen-
vector corresponding to this eigenvalue. As an alternative to
this process for obtaining rank-one solution, the randomization
process in [10] can be applied. Nevertheless, for the sake of
simplicity in this work we use the expression in (30). The
problem of approximating the solution to problem (16) is then
summarized in Algorithm 1.

Algorithm 1 Algorithm for solving optimization problem (16)

Input: A, Ao E; F; a;,a5,¢e,1,a1,as,€, fi,
l=1,...,L
Output: Optimal beamformer z,,;

1: Solve the optimization problem obtained by relaxing,
i.e. omitting, the rank-one constraint in (29) to obtain a
solution X,;.

2: Find the eigenvector e; = [z ,u] that corresponds to the
maximum eigenvalue of X

3: Calculate zp¢ as

Zo
Zopt = — (3 1)
u
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